An analytical speciation method, capable of separating inorganic arsenic (As (V), As (III)) and its methylated metabolites (MMAA, DMAA) from common, inert, dietary organoarsenicals, was applied to the determination of arsenic in urine from a variety of workers occupationally exposed to inorganic arsenic compounds. Mean The initial purpose of this study was to establish the concentration and speciation of arsenic in urine Present addresses: J G Farmer,
however, because of the problem of external contamination. Urine, more conveniently collected than blood, is the preferred indicator as excretion via the kidneys is the major route of elimination of inorganic arsenic (pentavalent, As (V); trivalent, As (III)) and its metabolites (monomethylarsonic acid, MMAA, CH,AsO(OH),; dimethylarsinic acid, DMAA, (CH3),AsO(OH)) from the human body." '7 It is extremely important that the analytical method used is capable of distinguishing these forms, separately or in toto, from the more complex but non-toxic organoarsenicals, such as arsenobetaine ((CH3) In addition, first void urine samples were provided in the Glasgow area by 40 adults of the general population who were believed not to have been exposed to inorganic arsenic other than to the small amounts present in the typical United Kingdom diet.'0 15 A further 28 spot urine samples from glassworkers were also provided by the Health and Safety Executive in London during an intercalibration exercise.
Individual arsenic species, As(V), As(III), MMAA, and DMAA, were separated from. a 4 ml aliquot of each urine sample on a combined cation anion exchange resin column"6 and determined by hydride generation atomic absorption spectrometry (HGAAS).'5 The detection limit for each species in the original urine sample was 0 5 pg/I." The total concentration of arsenic in each urine sample-that is, including any seafood organoarsenicals-was obtained by HGAAS after appropriate dilution of a nitric/sulphuric/perchloric acid digest. '7 18 An intercomparison study, based on the analysis of urine samples supplied by the Health and Safety Executive in London, where analytical arsenic speciation is performed using a continuous HPLC/ HGAAS technique,'9 showed good agreement in both speciation and total arsenic data.'5 18 Additional confirmation of the latter was provided by accurate analysis of NBS freeze dried urine SRM 2670 (480 Mg/l).
The fact that inorganic arsenic and its metabolites MMAA and DMAA may form hydrides directly from an acidified (1 5% w/v HC1) sample solution, whereas the stable dietary organoarsenicals do not, afforded an opportunity for the rapid semiquantitative screening of urine samples to estimate the sum of the four species, As(V), As(III), MMAA, and DMAA. As a result of the differing rates of response of these species to hydride generation,202' the determination of a range of concentrations was all that could be achieved with the use here of signal peak heights. Peak areas may yield more precise estimates. 22 Creatinine concentrations, necessary for the normalisation or correction of arsenic concentrations for fluctuations in urinary volume, were routinely determined, using an automatic method based on the Jaffe reaction, by the department of clinical biochemistry, Glasgow Royal Infirmary. Table 1 shows good agreement between the direct hydride generation range and the sum of hydride forming arsenic species' concentrations over a wide range of urinary arsenic concentrations. The ability of these techniques to distinguish between occupational exposure to inorganic arsenic and dietary exposure to inert organoarsenicals in seafood is evident in several samples, notably Nos 1, 3, 5, 6, 7, 9 and 12. When exposure to inorganic arsenic is raised but seafood consumption is low, the total concentration of arsenic approximates well to the sum of species concentration-for instance, Nos 8, 10, 11, 13, 14, and 15).
Results
Urinary sum of species (As(V), As(III), MMAA, DMAA) concentrations for workers from various occupations increased in the order controls (geom mean 4-4 yig/g) < semiconductor (5 9 yg/g) < electronics (9 7 pg/g) < glass manufacture (10-2 pg/g) < timber treatment (47 9 pg/g) < glass manufacture (HSE) (79 4 pg/g) < arsenical manufacture (245 pg/g) (figure). In much the same order of occupations, inorganic arsenic (As(V), As(III)) and the monomethylated metabolite (MMAA) became more frequently detected and achieved higher concentrations ( figure) . As with arsenical manufacture workers in this study, greater exposure to inorganic arsenic is marked by a decline in the relative contribution of DMAA during or immediately after working hours (table 4) .25 29 The predominance of methylated species-that is, MMAA + DMAA-in urine (table 3) is consistent with the natural mechanism for detoxification of inorganic arsenic via the reduction/methylation sequence As(V > As(III) > MMAA > DMAA. 89 The decline in the relative contribution of the methylated species, and of DMAA in particular, with increasing sum concentration is consistent with the observation from acute intoxication investigations and controlled metabolic studies that with increasing dose of inorganic arsenic the methylation efficiency decreases, perhaps as a consequence of approaching or exceeding the body's methylation capacity.0 More specifically, the conversion of MMAA to DMAA can be inhibited by high concentrations of As(III) in the liver, where methylation is believed to take place.93' Although excretion via the kidney is by far the major route of elimination of arsenic from the body, the relation of urinary arsenic concentrations to actual occupational exposure to, intake and uptake of inorganic arsenic, and the assessment of their significance with respect to health and recommended exposure limits are not straightforward. The absorption of inorganic arsenic via ingestion, inhalation, and percutaneous routes of intake may depend on factors such as chemical form, solubility, and particle size and less quantifiable parameters such as hand to mouth transfer, particle retention in lungs, and mucociliary clearance from the upper respiratory tract to the gastrointestinal tract.57 13 23 32 Best estimates of absorption range from 80% to 100% of intake via the gastrointestinal tract but only 20-30% from the lungs, largely because of the low ( -35%O) retention factor for particles in the lung.'3 33 Unfortunately, the most authoritative recommended limits for the intake of arsenic are based largely on the ingestion of readily soluble inorganic arsenic compounds (or inorganic arsenic already in solution), a situation clearly not directly extrapolable to the most common types and routes of occupational exposure, which usually include both inhalation and ingestion of airborne particles. None the less, it is instructive, as a first measure, to derive inorganic intakes based on the urinary output of inorganic arsenic and its metabolites, assuming efficient absorption (as occurs with ingestion) and using an experimentally determined relation between intake and output. On the basis of metabolic studies involving regular, repeated oral ingestion of inorganic arsenic in solution by volunteers, it has been shown, both in this laboratory (L R Johnson, J G Farmer, unpublished data) and elsewhere,30 that 40-600o of the daily intake of inorganic arsenic is excreted each day in urine, once equilibrium between intake and output is established-usually about one to five days after the start of intake for intakes increasing to 1000 pg/day.
Confidence in applying this relation to the case of workers exposed to atmospheric particulate arsenic is provided by the observation5 that the average daily urinary excretion of arsenic by smelter workers was 4200 of the inhaled amount derived from direct measurements of airborne inorganic arsenic. The WHO recommend a provisional maximum tolerable daily intake of ingested inorganic arsenic of 2 pg/kg body weight.34 For a 70 kg man this is equal to a provisional tolerable daily intake of 140 pg inorganic arsenic. This corresponds to an output of 56-84 pg arsenic based on an output of 40-60%/`of the intake. Assuming that an average 1-5 g creatinine-that is, 1 Largely on the basis of epidemiological evidence linking inorganic arsenic exposure, via consumption of drinking water of raised arsenic concentration, to a range of diseases in certain parts of the world, COT also reported that a daily intake of 1500 pg inorganic arsenic (equivalent to drinking 15 1 water with an inorganic arsenic concentration of 1 mg/l) could produce signs of "overt chronic arsenicism" in some individuals.35 This corresponds to a daily output of 600-900 pg arsenic and gives a urinary arsenic concentration of 400-600 pg/g. In group G (arsenical manufacture) five of the urine samples exceeded 600 pg/g, with seven of this group and one ofgroup F (glass manufacture-HSE) higher than 400 pg/g (figure) . The maximum urinary arsenic concentration for group G was 956 pg/g, which is equivalent to an intake of 2390-3585 pg inorganic arsenic a day, far in excess of the WHO and COT recommended limits.3435 It is worth noting that if absorption of inorganic arsenic by the bodies of these occupationally exposed workers is not 100% efficient, then the derived intakes may underestimate the actual combined intake via inhalation and ingestion. Although the extent of uptake, rather than intake, is clearly of greater significance with respect to health, recommended limits of exposure are often set in termsfor instance, pg/l water, jug/m3 air'°1335-37 that serve as reference benchmarks against which ambient environmental or workplace arsenic concentrations may be directly compared.
A few studies, based largely on smelter workers, have attempted to quantify possible correlations between the levels of airborne arsenic and the concentrations of urinary arsenic. Vahter et al found that urinary concentrations (As(V), As(III), al have shown the potential importance of the direct oral ingestion route for some employees in workplaces such as glassworks and smelters where inhalation and absorption of airborne arsenic via the lungs might be expected to predominate.528 The critical effect following the latter exposure route is lung cancer whereas several effects, such as skin cancer, are more likely after oral exposure. Such considerations, however, actually reinforce the need for biological markers of exposure-for example, urine-as opposed to external markers of exposure, such as airborne arsenic, which can provide an estimate of exposure via one route only-namely, inhalation. The determination of arsenic (inorganic arsenic + metabolites) in urine, on the other hand, provides an estimate of total exposure and is also more relevant to an assessment of the exposure of each individual worker.
We have attempted to show the importance of urinary arsenic determination in the monitoring and assessment of occupational exposure to inorganic arsenic. In particular, the separation of inorganic arsenic and its metabolites from dietary organoarsenicals is essential. Detailed analytical speciation of urinary arsenic into As(V), As (III), MMAA, and DMAA is the most reliable way to measure ZAs(V), As(III), MMAA, DMAA and may be of additional value in investigating the chemical nature (As(V) or As(III)) and duration of exposure to arsenic, as well as the status of the body's detoxifying methylation capacity. A rapid alternative for screening purposes is direct hydride generation from acidified urine for estimation of the sum of the four hydride forming species by AAS. The range of data obtained in this study for individuals occupationally exposed to inorganic arsenic in the United Kingdom shows the 
